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Three C-X bond formation mechanisms observed in the oxidation of (HBpz3)ReO(R)(OTf)
[HBpz3=hydrotris(1-pyrazolyl)borate; R=Me, Et, and iPr; OTf=OSO2CF3] by dimethyl sulfoxide
(DMSO) were investigated using quantummechanics (M06//B3LYPDFT) combined with solvation
(using the PBF Poisson-Boltzmann polarizable continuum solvent model). For R=Et we find the
alkyl group is activated through R-hydrogen abstraction by external base OTf- with a free energy
barrier of only 12.0 kcal/mol, leading to formation of acetaldehyde. Alternatively, ethyl migration
across the MdO bond (leading to the formation of acetaldehyde and ethanol) poses a free energy
barrier of 22.1 kcal/mol, and the previously proposed R-hydrogen transfer to oxo (a 2þ2 forbidden
reaction) poses a barrier of 44.9 kcal/mol. The rate-determining step to formation of the final product
acetaldehyde is an oxygen atom transfer from DMSO to the ethylidene, with a free energy barrier of
15.3 kcal/mol. When R=iPr, the alkyl 1,2-migration pathway becomes the more favorable pathway
(both kinetically and thermodynamically), with a free energy barrier (ΔGq=11.8 kcal/mol) lower
than R-hydrogen abstraction by OTf- (ΔGq=13.5 kcal/mol). This suggests the feasibility of utilizing
this type of migration to functionalize M-R to M-OR. We also considered the nucleophilic attack
ofwater and ammonia on theRe-ethylideneR-carbon as ameans of recovering two-electron-oxidized
products from an alkane oxidation. Nucleophilic attack (with internal deprotonation of the
nucleophile) is exothermic. However, the subsequent protonolysis of the Re-alkyl bond (to liberate
an alcohol or amine) poses a barrier of 37.0 or 42.4 kcal/mol, respectively. Where comparisons are
possible, calculated free energies agree very well with experimental measurements.
1. Introduction
Our interest in the functionalization of alkyl groups
generated through activation of alkanes by less electronega-
tive metals led us to study the free energy surfaces of the
carbon-heteroatom bond formingmechanisms observed by
Mayer et al.1,2 Other than reductive elimination and nucleo-
philic attack (typical of later, electrophilic transitionmetals),
there are few known radical-free, highly selective mecha-
nisms for the conversion of metal alkyls M-R to metal
alkoxides M-OR.1,3-5 Four mechanisms for C-X bond
formation were observed byMayer et al. in the oxidations of
(HBpz3)ReO(R)(OTf) [HBpz3 = hydrotris(1-pyrazolyl)bo-
rate; R=Ph, Et; OTf=OSO2CF3]: (1) aryl 1,2-migration
across ametal-oxo bond (X=O);1 (2) nucleophilic attack on
an alkylidene carbon (X=N or S);2 (3) oxidation of an
alkylidene carbon (X=O);2 and (4) alkylidene coupling to
form olefins (X=C).2 The first three are considered in this
work.
The first thermal aryl 1,2-migration across a metal-oxo
bond was reported by Brown and Mayer in the oxidation of
(HBpz3)ReO(Ph)(OTf) by oxygen atom donors dimethyl sulf-
oxide (DMSO) or pyridineN-oxide (pyO) (eq 1).1Mechanistic
studies showed that the rhenium(V) species (HBpz3)ReO(Ph)-
(OTf) is first oxidized to a more reactive rhenium(VII) dioxo
intermediate, [(HBpz3)ReO2(Ph)]OTf, which is then converted
to phenoxide complexes [(HBpz3)ReO(OPh)(py)]OTf, (HB-
pz3)ReO(OPh)(Cl), and (HBpz3)ReO(O2C6H4), through a 1,2-
migration of the phenyl group. This migration suggests a new
avenue for functionalizing alkyls to alkoxides.
However, when phenyl is replaced by an ethyl group, the
oxidation leads to more complicated reaction mechanisms,
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forming acetaldehyde and (HBpz3)ReO3 (eq 2).
2 Experi-
ments show that (HBpz3)ReO(Et)(OTf) is first oxidized to
[(HBpz3)ReO2(Et)]OTf, similar to the phenyl case.
2 Instead
of an ethyl 1,2-migration, it was suggested that the next step
is R-hydrogen abstraction by the oxo group, yielding the
ethylidene complex [(HBpz3)ReO(OH)(CHCH3)]OTf.
2 The
dimethyl sulfide (DMS) or pyridine (py) adduct of this
intermediate has been observed by NMR. Further oxidation
of the ethylidene species gives acetaldehyde.
We studied the free energy surfaces of (HBpz3)ReO(R)-
(OTf) (R=Me, Et, and iPr) oxidations byDMSOusingDFT
and the PBF polarizable continuum solvation model. We
consider the selectivity between alkyl migration and alkyli-
dene-forming mechanisms as a function of hydrocarbyl
group. We also investigate a mechanism not yet observed
experimentally: nucleophilic attack on an alkylidene by
water or ammonia followed by protonolysis to generate an
alcohol or amine.
2. Computational Details
The geometry optimizations and zero-point vibrational en-
ergy (ZPVE) were carried out using the B3LYP functional6-8
with the 6-31G**basis set9,10 for all atoms except Re. ForRe the
first four shells of core electrons were described by the Los
Alamos angular momentum projected effective core potential
(ECP) using the double-ζ contraction of valence functions11
(denoted as LACVP**).
Solvation energies were calculated using the Poisson-
Boltzmann self-consistent polarizable continuum method12,13
implemented in Jaguar14 to represent dichloromethane
(dielectric constant= 8.93 and effective radius= 2.33 A˚). The
solvation calculations used the B3LYP/LACVP** level of theory
and the gas-phase optimized structures.
Recent calculations have established that M06 leads to acti-
vation energies a few kcal/mol more accurate than B3LYP.15
As a result, single-point energy calculations were performed
using theM06 functional15,16 with a larger basis set: here Rewas
described with the triple-ζ contraction of valence functions
augmented with two f functions,17 and the core electrons were
described by the same ECP; S was described using the 6-311þG-
(3df) basis set;18-20 the other atoms were described with the 6-
311þþG** basis set.19,21 ThisM06 (electronic energy)//B3LYP
(geometry optimization) gave similar results to M06//M06 but
with less computational cost (see Supporting Information).
Free energy surfaces based on this M06//B3LYP approach
are compared to free energy surfaces based on B3LYP//B3LYP
in the Supporting Information. We found both levels of theory
give similar results in the unimolecular reactions with 1.9 kcal/
mol discrepancy in barriers and 2.0 kcal/mol in reaction energies
(Table 1S), but show significant differences during bimolecular
and oxidation reactions (Figure 1S). We believe that M06 gives
more accurate results for such cases because of its improvements
in treating van der Waals interactions and redox thermochem-
istry of main group elements and metals.16
Unless otherwise noted, all energies discussed in this work are
free energies, calculated as
G298K ¼ Eelec þGsolv þZPVEþ
X
ν
hν
ehν=kT -1
þ n
2
kT
-TðSvib þ Srot þ StransÞ
where n=12accounts for the potential and kinetic energies of
the translational and rotational modes and T=298 K. The
value of Srot þ Strans=47.4 e.u. for DMSO was chosen by
fitting our calculated ΔS for the reaction (HBpz3)ReO(Ph)-
(OTf) þ DMSO f [(HBpz3)ReO(Ph)(DMSO)]OTf to the
value measured byMayer et al. (ΔS=-24.8 e.u.).1 The values
ofSrotþStrans for eachRe intermediatewere assumed to cancel.
3. Results and Discussion
We chose [(HBpz3)ReO2(R)]OTf as the reference point for
the free energy surfaces, since these Re(VII) dioxo complexes
are the common intermediates for both (HBpz3)ReO(Et)-
(OTf) and (HBpz3)ReO(Ph)(OTf) oxidation reactions.
1,2 In
particular, for R = Ph NMR experiments showed that
[(HBpz3)ReO2(Ph)]OTf (deep orange color) is the resting
state, as (HBpz3)ReO(Ph)(OTf) reacts with pyO at-78 C.1
The measured equilibrium constant of
ðHBpz3ÞReOðPhÞðOTfÞþDMS a ½ðHBpz3ÞReOðPhÞðDMSÞOTf
in the presence of a 10-fold excess DMS as a function of the
concentration of (HBpz3)ReO(Ph)(OTf)
1 indicates that dis-
sociation of the ion pair is unlikely. Therefore we consider
that the triflate counterion remains associated in the second
coordination sphere of rhenium throughout the reactions.
OurDFT calculations show that seven-coordinate (HBpz3)-
ReO2(Ph)(OTf) intermediates formed from the [(HBpz3)-
ReO2(Ph)]OTf ion pair are unstable and therefore not invol-
ved in the reactionmechanism. Two isomers were located for
this type of intermediate. The first one (A, Scheme 1) has
triflate cis to the phenyl group, while in the other (B) the two
ligands are in trans positions. These isomers, however, are
higher in free energy than the ion-pair complex by 15.9 and
6.0 kcal/mol, respectively.
Phenyl 1,2-Migration.We first studied the phenyl 1,2-migra-
tion of [(HBpz3)ReO2(Ph)]OTf (1-Ph, Figure 1) to benchmark
the DFT performance in these Re systems, since the energy
surface is well established experimentally.1 DFT predicts the
(6) Becke, A. D. Phys. Rev. A 1988, 38, 3098.
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barrier to beΔGq=17.9, in good agreementwith the value deter-
mined by the Eyring plot in experiments (ΔGq=20.9 kcal/mol).1
The migration product 2-Ph is 38.0 kcal/mol more stable
than the dioxo species, indicating an irreversible process,
consistent with experiments.1 For the reaction DMS (1 atm)
þ 0.5 O2 (1 atm) f DMSO (1 atm), our M06//B3LYP
calculations predict ΔH to be -27.8 kcal/mol, in good
agreement with the experimental data, ΔH=-27.0 kcal/
mol.22 These results suggest that the current functional and
basis set combination is able to capture the correct free
energy surfaces in this system.
3.1. Ethyl Activation in the Reaction of [(HBpz3)ReO2-
(C2H5)]OTfþDMSO.We considered several possible path-
ways for activating the ethyl ligand: (1) ethyl 1,2-migration,
(2) R- and β-hydrogen abstraction by oxo, and (3) R- and
β-hydrogen abstraction by external base.
Ethyl 1,2-Migration.The ethyl 1,2-migrationwas ruled out
experimentally through the direct synthesis of (HBpz3)ReO-
(OEt)OTf (the expected product of the ethyl 1,2-migration of
(HBpz3)ReO(Et)OTf) and its reaction with pyO.
2 DuMez
andMayer found that this oxidation reaction produced both
acetaldehyde and ethanol, in contrast to the (HBpz3)ReO-
(Et)OTf oxidation, which generates only acetaldehyde.2
Surprisingly the calculated reaction barrier of this migra-
tion is 22.1 kcal/mol (Table 1), only slightly higher (by 4.2
kcal/mol) than that of the phenyl case. This suggests that the
reason the ethyl case does not lead to ethoxide is because a
more facile pathway exists, rather than because the 1,2-
migration is energetically unfavorable.
From a molecular orbital point of view, this migration is
dominated by the interaction between twomolecular orbitals
in the Re dioxo species, the occupied Re-C σ orbital and
unoccupied Re-O π* orbital (Scheme 2). The larger the
energy difference (Δ) between the two orbitals, the larger will
be the migration barrier, and vice versa. Δ can be manipu-
lated by substituting different alkyl ligands to vary theRe-C
σ orbital energy, since the Re-O π* orbital is unaffected by
this substitution. We calculate Δ to be 5.67 (Me), 4.35 (Et),
and 4.23 eV (iPr), suggesting that the migration barrier for
the three alkyl groups would beMe>Et> iPr. Indeed, our
calculations show that replacing ethyl by the electron-poorer
ligand Me increases the barrier from 22.1 to 29.1 kcal/mol,
while substituting by the electron-rich ligand iPr lowers the
barrier to only 11.8 kcal/mol. This tendency holds when the
triflate anion is not included in calculations (barriers of 31.8,
27.0, and 15.2 kcal/mol for Me, Et, and iPr, respectively; see
the numbers in parentheses in Table 1), indicating that it is
the nature of the alkyl group and not an interaction with
triflate that controls the alkyl 1,2-migration barrier.
It is clear the oxo is electrophilic during themigration since
the more nucleophilic alkyls yield lower reaction barriers.
This result is consistent with experiments by Mayer and co-
workers, showing that theRe dioxo species oxidizes electron-
rich Me2S much faster than Me2SO.
1
r- and β-Hydrogen Abstraction by Oxo. DuMez et al.
proposed that instead of an ethyl 1,2-migration, the ethyl is
activated through R-hydrogen abstraction by the oxo ligand
to form an ethylidene species, which is then trapped byDMS
and observed by NMR at -70 C.2 However, we calculate
the barrier of this reaction to be 44.9 kcal/mol, far too high
for a thermal reaction (Figure 2a). Including a tunneling
contribution estimated with Skodje and Truhlar’s approxi-
mation23 for a thermally averaged transmission coefficient
through a 1-D parabolic barrier, transition-state theory
predicts a flux through this barrier orders of magnitude
slower than the observed rate.
This high barrier may be interpreted through molecular
orbitals. During the reaction, one Re-O π (R-a) and one C-H
σ (R-b) bondare converted tooneRe-Cπ (P-a) andO-Hσ (P-
b) bonds (Scheme 3). In order to have a low reaction barrier, the
two molecular orbitals must remain bonding and orthogonal in
the transition state. No two such linear combinations can be
formed from the four relevant atomic orbitals, so significant
ionic character is imposed on the wave function. Since one pair
of electrons must pass through a node (TS-b) in the transition
state, the reactions is “2þ2 forbidden” with a high barrier.24
Figure 1. Free energy surface of Ph 1,2-migration (kcal/mol) at 298 K.
Scheme 1
(22) NIST Chemistry WebBook. http://webbook.nist.gov/chemis-
try/ (accessed June 2).
(23) Skodje, R. T.; Truhlar, D. G. J. Phys. Chem. 1981, 85, 624.
(24) Goddard, W. A. J. Am. Chem. Soc. 1972, 94, 793.
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We also considered β-hydrogen abstraction by the oxo
ligand to form ethylene (Figure 2b). The calculated barrier
is 36.9 kcal/mol, more favorable than that of the R-hydro-
gen abstraction by 8.0 kcal/mol but much higher than the
22.1 kcal/mol for ethyl 1,2-migration. Certainly, such an
activation barrier precludes this reaction at room tempera-
tures.
Hydrogen Abstraction by OTf-. Since the ethyl 1,2-migra-
tion pathway has been ruled out experimentally2 and the
hydrogen abstraction by oxo has been ruled out theoreti-
cally, there must be another lower barrier pathway. Several
bases in the solutionmight be capable of abstracting protons
from ethyl, including OTf, DMS, or pyridine, byproducts of
the initial oxidation.
Our calculations show that the R-hydrogen abstraction by
OTf- has a barrier of only 12.0 kcal/mol (Figure 3a), repre-
senting the lowest pathway for activating the ethyl group.25
This low barriermay be attributed to the high oxidation state
Table 1. Reaction Barrier and Energy for Alkyl 1,2-Migration at 298 K (unit: kcal/mol)a
aThe numbers in parentheses describe the same reaction, but without OTf-.
Figure 2. Free energy surface of R- and β-hydrogen abstraction by oxo (kcal/mol) at 298 K.
Scheme 2 Scheme 3
(25) We chose to use the weak base OTf- in the calculations,
expecting that a stronger base such as pyridine will only lead to a lower
barrier.
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of [(HBpz3)ReO2(Et)]OTf, in which the formally empty 5d
orbitals are capable of accommodating the new π-bonding
electrons after proton transfer without raising the Coulomb
repulsion.
The product of this abstraction, [(HBpz3)ReO2(CH-
CH3)]HOTf (5), is only a local minimum on the potential
energy surface. Taking ZPVE and thermal corrections into
account, there is no barrier to the subsequent exothermic
transfer of the proton to an oxo group, forming [(HBpz3)-
ReO(OH)(CHCH3)]OTf (6). The catalytic effect of a base,
even as weak as triflate, allows the stepwise transfer of the
proton to proceed essentially through the forbidden 2þ2
pathway by stabilizing the ionized proton during transit. A
similar triflate-assisted proton transfer is also found to play
an important role in several gold-catalyzed systems.26,27
Transfer of the proton from OTf- to oxo is essential for
the formation of the DMS adducts observed experimentally
by NMR spectroscopy.2 Our calculations show that without
this proton transfer the DMS adduct (HBpz3)ReO2(CH-
(DMS)CH3) is 19.0 kcal/mol uphill compared with DMS þ
(HBpz3)ReO2(CHCH3). On the other hand, the DMS ad-
duct (HBpz3)ReO(OH)(CH(DMS)CH3)
þ is 7.2 kcal/mol
more stable thanDMSþ (HBpz3)ReO(OH)(CHCH3)þ after
the proton transfer. This result is not surprising, since the
rhenium atom becomes more electron-deficient after proton
transfer to oxo and therefore is more capable of accommo-
dating the lone-pair electrons formed after the attack of
DMS on the methyne carbon.
Variations in the alkyl ligand are expected to have an
insignificant influence on this barrier, since the acidity of the
R-hydrogen is primarily dependent on whether the 5d orbital is
empty.Thus, our calculations show that replacingEtbyMeand
iPr groups gives barriers of 12.0 and 13.5 kcal/mol, respectively.
If a [(HBpz3)ReO2(Et)]
þX- analogue could be synthesized
with a noncoordinating anion that is less basic than triflate
(e.g., [BArF4]
-), the ethyl migration pathway may become
dominant. However, pyridine or DMS released during the
oxidation by pyO or DMSO would catalyze the proton
transfer reaction at a rate proportional to its concentration.
Abstracting the β-hydrogen to form an ethylene-coordi-
nated Re compound (7) leads to a barrier of 25.5 kcal/mol,
suggesting that the β-hydrogen is less reactive than R-hydro-
gen (Figure 3b).
Dependence of Activation Pathway on Alkyl. Our calcula-
tions suggest that replacement of the Et group by iPr may
change the reaction mechanism significantly. The barrier of
the alkyl 1,2-migration is decreased from 22.1 to 11.8 kcal/
mol due to the increased nucleophilicity, while the barrier for
the R-hydorgen abstraction by triflate is 13.5 kcal/mol,
almost the same as for the Et case (12.0 kcal/mol). Addi-
tionally, the product of the migration is at -28.4 kcal/mol,
more stable than that of the triflate abstraction pathway by
13.1 kcal/mol. Both kinetics and thermodynamics favor the
migration over the abstraction pathway.
In contrast, replacement of Et by Me would make the
abstraction pathway evenmore favorable by suppressing the
alkyl 1,2-migration pathway, since the barrier ofmigration is
increased to 29.1 kcal/mol due to lesser nucleophilicity of
Me. This indicates that in the presence of any base the 1,2-
migration pathway will not be an option for the selective
functionalization of the methyl group to methoxide.
3.2. Acetaldehyde Formation in the Reaction of [(HBpz3)-
ReO2(C2H5)]OTfþDMSO. Acetaldehyde Formation through
Oxo-Ethylidene Coupling. In the next step, the ethylidene
is oxidized to form acetaldehyde. This can be achieved
through the coupling of ethylidene and oxo ligands or through
oxygen atom transfer from the oxidant DMSO to the methyne
carbon. The calculated barrier of the ethylidene-oxo coupl-
ing is 46.0 kcal/mol (Figure 4). It is noteworthy that the pro-
ton is transferred back to triflate at the product 8. This pro-
duct has a C-O distance of 1.37 A˚, comparable to a single
bond (1.42) and much longer than the usual double bond
(1.21 A˚),28 indicating that the newly formed acetaldehyde
Figure 3. Free energy surface of R- and β-hydrogen abstraction by external base, OTf- (kcal/mol) at 298 K.
(26) Xia, Y. Z.;Dudnik,A. S.; Gevorgyan, V.; Li, Y.H. J. Am.Chem.
Soc. 2008, 130, 6940.
(27) Kovacs, G.; Ujaque, G.; Lledos, A. J. Am. Chem. Soc. 2008, 130,
853.
(28) Lide, D. R. CRC Handbook of Chemistry and Physics, 87th ed.;
CRC Press/Taylor and Francis: Boca Raton, FL.
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is a covalently bound metallacycle and the oxidation state of
rhenium is þ5.
Acetaldehyde Formation through Oxygen Transfer from
DMSO.We find that the most energetically favorable path-
way to form acetaldehyde is through the oxygen transfer
fromDMSO to themethyne carbon (Figure 5). After passing
a barrier of 8.0 kcal/mol, DMSO is bound to the methyne
carbon to form the adduct 9, which is slightly exergonic (0.4
kcal/mol) relative to 6. Finally the acetaldehyde is formed
through the cleavage of the S-O bond with a barrier of 15.3
kcal/mol. The product of this dissociation, 10, has a C-O
bond distance of 1.26 A˚ (in the range of a normal C-O
double bond) and theRe-OCHCH3 bond distance is 2.13 A˚,
suggesting that acetaldehyde is bound to Re through a weak
dative interaction. The formal oxidation state of this Re is
(V). Further oxidation by DMSO (possibly through direct
oxygen transfer) will lead to (HBpz3)ReO3, the observed
Re(VII) product.
3.3. Overall Free Energy Surface. The overall free energy
surface is shown in Figure 6. The ethyl ligand of 1 is activated
through an R-hydrogen abstraction by triflate, leading to 5
with a barrier of 12.0 kcal/mol. This barrier is 5.9 kcal/mol
lower than the Ph 1,2-migration of (HBpz3)ReO(Ph)(OTf)
(17.9 kcal/mol), which may explain why no dioxo intermediate
Figure 4. Free energy surface of the acetaldehyde formation through the oxo-ethylidene coupling pathway (kcal/mol) at 298 K.
Figure 5. Free energy surfaces of the acetaldehyde formation through direct oxygen transfer from DMSO (kcal/mol) at 298 K.
Figure 6. Overall free energy surface of the oxidation of (HBpz3)ReO(Et)(OTf) by DMSO (kcal/mol) at 298 K.
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is observed following (HBpz3)ReO(Et)(OTf).
1,2 This is fol-
lowed by a barrierless proton transfer leading to the forma-
tion of 6. In the next step, the adduct 9, the most stable
intermediate along the mechanism, is formed through the
attack of DMSOon themethyne carbon with a barrier of 8.0
kcal/mol. Finally acetaldehyde is formed through the dis-
sociation of DMS with a barrier of 15.3 kcal/mol. The rate-
determining step is the dissociation of DMS (9 f 9,10-Ts)
with an overall barrier of 15.3 kcal/mol (compared with 9),
and the overall reaction energy is -37.2 kcal/mol. This
potential energy surface is consistent with experimental
results showing it is a low-temperature (-34 C) and irre-
versible reaction.2
3.4. Alkylidene Nucleophilic Attack and Protonolysis.Our
calculations of free energy surfaces formethane activation by
group 7, 8, and 9 metals led us to consider that methylidene
formation may be favored over oxidation mechanisms that
leave a metal-bound methyl group intact. This possibility
threatens to preclude selective two-electron oxidations.
However, a sequential nucleophilic attack at the sp2 carbon
of an alkylidene intermediate followed by protonolysis of the
M-C bond may offer a new means of generating an alcohol
(or other functionalized alkyl). The rhenium ethylidene in
the experiment byDuMez andMayer was reversibly trapped
by pyridine and dimethylsulfide, forming C-N and C-S
bonds,2 and precedents for related alkylidene formation,29,30
nucleophilic attack,31 and protonolysis32 steps have been
observed or suggested. Therefore, we used (HBpz3)ReO-
(OH)(CHCH3)
þ1 (11, Figure 7) as a representative of a
group 7 alkylidene and employed water and ammonia as
simple protic nucleophiles to investigate the feasibility of this
mechanism. In calculating thermodynamic properties, aqu-
eous H2O and NH3 (1 M) were taken as reference states.
We found that nucleophilic attack ofH2Oon theR-carbon
is barrierless and accompanied by proton transfer fromH2O
to the hydroxide oxygen (Figure 7a). The product 12 is 3.9
kcal/mol more stable than 11. In the next step, a proton is
transferred from the rhenium-bound H2O to the R-carbon
atom,which yields the ethanol adduct 13. The barrier for this
step is 36.9 kcal/mol, which is high even for alkane activation
chemistry.
The nucleophilic attack by NH3 resulted in the formation
of (HBpz3)ReO(OH)(C(NH3)HCH3)
þ (14), which is more
stable than 11 by 21.8 kcal/mol (Figure 7b). In the subse-
quent step, a proton migrates from the ammonium group to
the oxo oxygen with a barrier of 36.8 kcal/mol to form 15 (2
kcal/mol uphill compared to 14). Finally a bound ethylamine
(16) is formed via protonolysis of the Re-Cwith a barrier of
42.4 kcal/mol. The overall reaction barrier is 44.4 kcal/mol,
even higher than in the case of H2O.
We conclude that for the current Re ethylidene complex, it
is not kinetically possible to produce alcohol or amines
through nucleophilic attack by H2O or NH3. Also, our free
energy surface does not address additional concerns such as
selectivity against further oxidations or solubility. We do
note that each step from the ethyl complex 1 to the alcohol
complex 13 is exothermic and without a thermodynamic
sink, which is ideal for a catalyzed mechanism. The proto-
nolysis reaction 12f 13 is essentially the reverse of an alkane
activation by Re(V). Known alkane activations catalyzed by
late metals more commonly occur, in contrast, on low
oxidation states with filled dπ orbitals. Such activation
reactions have been computed to be endergonic by amounts
similar to 13 f 12.33,34 In this light one may expect the
protonolysis barrier to be accessible on catalysts capable of
alkane activation, and we will report on such cases sepa-
rately.
4. Conclusions
The oxidation of (HBpz3)ReO(Et)(OTf) by DMSO to
form acetaldehyde was studied using density functional
theory. We find that the reaction begins via a facile
Figure 7. Free energy surface of the H2O and NH3 nucleophilic attack on (HBpz3)ReO(OH)(CHCH3)
þ (kcal/mol) at 298 K.
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R-hydrogen abstraction by external base with a reaction
barrier of only 12.0 kcal/mol. This explains why the 1,2-
migration to form an alkoxide is not observed as in (HBpz3)-
ReO(Ph)(OTf). On the other hand we find that the previously
proposed ethyl activation step (R-hydrogen abstraction by
oxo2) is a 2þ2 forbidden reaction with a barrier of 44.9 kcal/
mol. The final step of forming acetaldehyde is an oxygen
transfer from DMSO with a barrier of 15.3 kcal/mol, 31.1
kcal/mol lower than that of theoxo-carbene coupling.We find
this to be the rate-determining step of the reaction mechanism.
We find that replacement of the alkyl group can alter the
reaction pathway. Thus R=iPr makes the alkyl 1,2-migra-
tion kinetically more favorable (by 1.7 kcal/mol) than the
R-hydrogen abstraction pathway, but only in the absence of
bases. On the other hand, R=Me makes the R-hydrogen
abstraction (leading eventually to formaldehyde) more favor-
able by 17.1 kcal/mol, eliminating the migration mechanism
as a means of generating methoxide.
In addition, we investigated the possibility of nucleophilic
attack by H2O or NH3 on the ethylidene complex ((HBpz3)-
ReO(OH)(CHCH3)
þ) followed by protonolysis as a new
means of converting a metal alkyl to an alcohol or amine.
The barrier for the protonolysis step in both mechanisms is
over 35 kcal/mol.
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